Spatial regulation of human mesenchymal stem cell differentiation in engineered osteochondral constructs: effects of pre-differentiation, soluble factors and medium perfusion  by Grayson, W.L. et al.
Osteoarthritis and Cartilage 18 (2010) 714e723Spatial regulation of human mesenchymal stem cell differentiation
in engineered osteochondral constructs: effects of pre-differentiation,
soluble factors and medium perfusion
W.L. Grayson ya, S. Bhumiratana ya, P.H. Grace Chao z, C.T. Hung y, G. Vunjak-Novakovic y*
yDepartment of Biomedical Engineering, Columbia University, New York, NY, USA
z Institute of Biomedical Engineering, National Taiwan University, Taipei, Taiwana r t i c l e i n f o
Article history:
Received 17 June 2009
Accepted 8 January 2010
Keywords:
Tissue engineering
Cartilage
Bone
Scaffold
Perfusion
Bioreactor* Address correspondence and reprint requests to
kovic, Department of Biomedical Engineering, Columb
VC 12-234, New York, NY 10032, USA. Tel: 1-212-305
E-mail address: gv2131@columbia.edu (G. Vunjak-
a The author contributed equally.
1063-4584/$ e see front matter  2010 Osteoarthriti
doi:10.1016/j.joca.2010.01.008s u m m a r y
Objective: The objective of the study was to investigate the combined effects of three sets of regulatory
factors: cell pre-differentiation, soluble factors and medium perfusion on spatial control of human
mesenchymal stem cell (hMSC) differentiation into cells forming the cartilaginous and bone regions in
engineered osteochondral constructs.
Design: Bone-marrow derived hMSCs were expanded in their undifferentiated state (UD) or pre-differ-
entiated (PD) in monolayer culture, seeded into biphasic constructs by interfacing agarose gels and bone
scaffolds and cultured for 5 weeks either statically (S) or in a bioreactor (BR) with perfusion of medium
through the bone region. Each culture system was operated with medium containing either chondro-
genic supplements (C) or a cocktail (Ck) of chondrogenic and osteogenic supplements.
Results: The formation of engineered cartilage in the gel region was most enhanced by using undiffer-
entiated cells and chondrogenic medium, whereas the cartilaginous properties were negatively affected
by using pre-differentiated cells or the combination of perfusion and cocktail medium. The formation of
engineered bone in the porous scaffold region was most enhanced by using pre-differentiated cells,
perfusion and cocktail medium. Perfusion also enhanced the integration of bone and cartilage regions.
Conclusions: (1) Pre-differentiation of hMSCs before seeding on scaffold was beneﬁcial for bone but not
for cartilage formation. (2) The combination of medium perfusion and cocktail medium inhibited
chondrogenesis of hMSCs. (3) Perfusion improved the cell and matrix distribution in the bone region and
augmented the integration at the boneecartilage interface. (4) Osteochondral grafts can be engineered
by differentially regulating the culture conditions in the two regions of the scaffold seeded with hMSCs
(hydrogel for cartilage, perfused porous scaffold for bone).
 2010 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
The high incidence of cartilage defects due to injury and disease,
coupled with the low regenerative capacity of cartilage, often
necessitates surgical treatment to repair the sites of injury. One
method of the treatment of cartilage injuries is to replace the full-
thickness defects with osteochondral plugs, where the bony region
anchors the graft and facilitates the integration of the cartilage graft
with the host tissue1. This approach is limited by insufﬁcient: Dr Gordana Vunjak-Nova-
ia University, 622 W168th St.,
-2304; Fax: 1-212-305-4692.
Novakovic).
s Research Society International. Pavailability of autograft material, donor site morbidity and the risks
of disease-transmission associated with the allografts. To alleviate
these limitations, it is possible to engineer biological replacements
of cartilage and bone tissues using multi-potent human mesen-
chymal stem cells (hMSCs). There are, however, some inherent
technical and scientiﬁc challenges to growing osteochondral
constructs from hMSCs where bone and cartilage should ideally
develop in tandem to facilitate functional integration of the two
tissues. Most importantly, spatial regulation of hMSC differentia-
tion is necessary to guide hMSCs down the chondrogenic or oste-
oblastic lineages in vitro and generate discreet cartilaginous and
osseous regions within a single construct.
Previously, hMSCs were separately differentiated into bone and
cartilage constructs before physically apposing and suturing these
constructs into biphasic units2. This approach included consider-
able manipulation of cultured tissues under sterile conditions andublished by Elsevier Ltd. All rights reserved.
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alternative approach exposed the mouse MSCs to chondrogenic or
osteogenic supplements during their monolayer expansion, and
sequentially encapsulated the cells in gel substrates to create two
distinct but contiguous constructs3e5. After 12weeks in the dorsum
of nude mice, the bone and cartilage remained grossly distinct with
apparent regions of integration at the interface. While these results
are clearly promising, the use of in vivomouse cultivation limits the
clinical utility of these constructs. A distinct ‘pre-induction’ method
has also been reported for hMSCs6. The resulting composites were
cultured in a medium containing a cocktail of osteogenic and
chondrogenic supplements for another 5 weeks. Encouraging
results for boneecartilage integration were achieved in this study
with the main drawback being the long (10 weeks) cultivation
times.
Bioreactors can be utilized to provide biophysical stimulation
and improvednutrient transfer to the cells on scaffolds, andenhance
their functional assembly into tissues. Several bioreactor designs
have been used for engineering bone7e9 and cartilage10,11 from
hMSCs.Most recently,wehaveutilized aperfusionbioreactor for the
cultivation of bone constructs12, as the interstitial ﬂow facilitated
cell growth and differentiation, leading to the deposition of mineral
andextracellularmatrix (ECM)proteins throughout thebone region.
We adapted this perfusion bioreactor for use in the present study.
For scaffold materials, we selected those shown to be optimal in
previous studies of cartilage and bone tissue engineering. Agarose
gel was used for the cartilage phase, as it has been demonstrated
that it yields the best mechanical properties of engineered cartilage
among all materials studied with immature chondrocytes13. Like-
wise, decellularized bone was selected as a scaffold for the bone
region, as it provides osteo-inductive architecture, mechanical
properties and biochemical composition14,15. Additionally, in our
numerous previous studies, agarose and decellularized bone have
been used independently and in combination as scaffolds for
cartilage, bone and osteochondral constructs16,17. Therefore, we
hypothesized that the agarose-bone scaffolds, alone or in combi-
nation with molecular and cellular parameters and biophysical
stimuli, can provide hMSCs with differential cues necessary to
induce spatially conﬁned chondrogenesis (agarose) and osteo-
genesis (bone) while facilitating interfacial communication
between the two developing tissues. To test this hypothesis, we
explored the effects of three sets of experimental variables on
hMSC differentiation in biphasic constructs: (1) supplementation of
chondrogenic factors vs a cocktail of chondrogenic and osteogenic
factors to culture medium, (2) pre-differentiation of hMSCs, (3)
medium perfusion (interstitial ﬂow).
Materials and methods
hMSCs
Cryopreserved passage 2 bone-marrow derived hMSCs were
kindly provided by Dr Caplan, after isolation using previously
described protocols18. Cells were expanded for one passage (P3) in
control medium (low glucose Dulbecco's Modiﬁed Eagle Medium
(DMEM) supplemented with 10% Fetal Bovine Serum (FBS), 1 ng/ml
Fibroblast Growth Factor (FGF) and 1% antibiotics). Passage 4 cells
were split into three groups, and cultured for one more passage
(8 1 days) in (1) control medium (undifferentiated hMSCs),
osteogenic medium (osteo-induced hMSCs), and chondrogenic
medium (chondro-induced hMSCs). Undifferentiated and osteo-
induced hMSCswere plated at a density of 5000 cells/cm2while the
chondro-induced hMSCs were plated at 60,000 cells/cm219,20.
Osteogenic medium was low glucose DMEM supplemented with
10% FBS, 1% antibiotics, 10 mM sodium-b-glycerophosphate,100 nM dexamethasone, and 50 mg/ml ascorbic acid-2-phosphate.
Chondrogenic medium was high glucose DMEM supplemented
with 10 ng/ml Transforming Growth Factor-beta 3 (TGF-b3),100 nM
dexamethasone, 50 mg/ml ascorbic acid-2-phosphate, 100 mg/ml
sodium pyruvate, 40 mg/ml proline, 1% Insulin, transferrin, sodium
selenite (ITS)þ mix and 1% antibiotics. Passage 4 cells were then
used for experiments.
Pellet cultures
Cells cultured under the various conditions were resuspended in
their speciﬁc medium, counted, and 2.5105 cells per aliquot were
centrifuged to form pellets. Pellets from each group (undifferenti-
ated, osteo-induced and chondro-induced) were cultured in control,
osteogenic, and chondrogenic medium, resulting in nine different
conditions. Three pellets for each condition were cultured for 4
weeks in1 mlofmediumwithmediumchange three timesperweek.
Decellularized bone scaffolds
Decellularized bone was obtained as previously described12. In
brief, trabecular bone plugs (4 mm in diameter) were cored from
the subchondral region of carpometacarpal joints of 2e4-month-
old cows. They were washed to remove marrow and rinsed in PBS
with 0.1% ethylenediaminotetraacetic acid (EDTA) for 1 h at room
temperature. This was followed by sequential washes in hypotonic
buffer, detergent and enzymatic solution. Decellularized bone plugs
were rinsed in PBS, freeze-dried, and cut to 5 mm lengths to yield
cylinders 4 mm diameter 5 mm high. The weights and dimen-
sions of each plug were measured and used to calculate scaffold
density. Scaffolds within the range of 0.30e0.40 mg/cm3were used.
Scaffolds were sterilized in 70% ethanol, washed in PBS and incu-
bated in culture medium prior to seeding cells. The distribution of
bone scaffolds with different densities was randomized.
Biphasic scaffolds
Bone scaffolds were seeded as previously described12. In brief,
scaffolds were blot-dried and seeded with 1.8 106 cells sus-
pended in 40 ml of media (45106 cells/ml). The scaffolds were
ﬂipped every half hour and 10 ml media were added. After 2 h,
5 ml of media were added and scaffolds were incubated over-
night. Agarose gels were made the following day by mixing equal
volumes of 4% agarose solution and cell suspension to yield
25106 cells/ml in 2% agarose. This was pipetted into cylindrical
wells (4 mm B 2.5 mm height) in PDMS molds. Bone scaffolds
seeded on the previous day were overlaid allowing a penetration
depth of 500 mm of gel into the bone scaffold. The agarose was
then allowed to solidify at room temperature to complete the
formation of biphasic constructs. The seeded scaffolds were
cultured for 4 days under static conditions to allow cell attach-
ment, prior to applying medium perfusion.
Perfusion bioreactor
A perfusion bioreactor developed in our laboratory and
described previously12 was used for cultivating biphasic tissue
constructs. The constructs were positioned with the bone region
secured in wells and agarose region in the reservoir. The bone
region protruded 1 mm from the well. Culture medium was pum-
ped axially upwards through the interstices of the bone region, and
out into the medium reservoir. The agarose region was completely
submerged in culture medium in the reservoir, and was not
perfused [Fig. 1(B)]. The medium ﬂowed through the bone scaffolds
at a superﬁcial velocity of 400 mm/s12.
Fig. 1. Experimental design. (A) Biphasic scaffold made by interfacing agarose and trabecular bone scaffolds. (B) Perfusion bioreactor for cultivation of biphasic scaffolds. Enlarged
view shows predicted path of medium ﬂow through the scaffolds and through the sides into the reservoir. (C) Schematic of experimental design.
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The experiment was set-up to test the effects of three distinct
variables: cell pre-differentiation, medium perfusion and medium
supplements [Fig. 1(C)]. To evaluate the inﬂuence of cell pre-
differentiation, constructs weremade from undifferentiated hMSCs
(UD) or hMSCs pre-differentiated to chondrocytes and osteoblasts
(PD). To evaluate the effects of perfusion, each of the cell groups
was cultured either in perfused bioreactor (BR) or statically (S). To
evaluate the effects of medium supplements, each of the cell-
bioreactor groups was cultured in either chondrogenic (C) or
cocktail (Ck) medium (high glucose DMEM containing both
chondrogenic and osteogenic supplements: 10% FBS, 10 mM
sodium-b-glycerophosphate, 100 nM dexamethasone, 50 mg/ml
ascorbic acid-2-phosphate, 10 ng/ml TGF-b3, 100 mg/ml sodium
pyruvate, 40 mg/ml proline, 1% ITSþ mix and 1% antibiotics). As
a result, we obtained six experimental groups as shown in [Fig. 1
(C)]. This way, the effects of cell pre-differentiation were
compared for two culture conditions and two sets of medium
supplements (UD-BR-C/Ck vs PD-BR-C/Ck). Likewise, the effects of
biophysical stimulation viamedium perfusionwere determined for
both differentiated and undifferentiated cells, and both media
compositions (UD-S-C/Ck vs UD-BR-C/Ck). Finally, chondrogenicmedium (which already contained dexamethasone and ascorbic
acid) and the cocktail medium (containing additional osteogenic
supplements) were compared for both cell groups and both sets of
culture conditions (UD/PD-BR-C vs UD/PD-BR-Ck). Data were
obtained in two independent series of experiments.
Micro computerized tomography (m-CT)
m-CT imaging was performed using a modiﬁed protocol from Liu
et al.21. Constructs were aligned along their axial direction in
a 15 ml centrifuge tube and stabilized with wet gauze. The tubewas
clamped in the specimen holder of a vivaCT 40 system (SCANCO
Medical AG, Basserdorf, Switzerland). Constructs were scanned at
21 mm isotropic resolution, and the bone volume (BV) was obtained
by global thresholding technique that detected only the mineral-
ized tissue.
Mechanical testing
The equilibrium Young's modulus of the cartilage region was
measured in unconﬁned compression using a modiﬁcation of an
established protocol13. An initial tare load of 0.02 N was applied.
This was followed by a stresserelaxation step where the specimens
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velocity of 0.05%/s and maintained at that position for 1800 s. The
Young's modulus was obtained from the equilibrium forces
measured at 10% strain.Biochemical assays
The gel and bone regions of three constructs per group were
separated along the ﬂat surface of the bone scaffold and the wet
weight of the gel and bone regions determined. The samples were
stored at 20 C until assay. For analysis, the gel regions were
digested in 1 ml proteinase K solution at 50 C. The bone regions
were placed in 100 ml of proteinase K digestion buffer at 50 C. DNA
content was determined using the Picogreen assay (Molecular
Probes, OR). The sulfated GAG (s-GAG) content of the extracts was
determined using the 1,9-dimethylmethylene blue (DMMB) dye
colorimetric assay with chondroitin-6-sulfate as a standard.Histology and immunohistochemistry
Constructs were washed in PBS and ﬁxed in 10% formalin,
decalciﬁed with Immunocal solution, embedded in parafﬁn,
sectioned into 5 mm slices and stainedwith haematoxylin and eosin
(H&E) and Alcian Blue (GAG). Samples were also immunohis-
tochemically stained for collagens I and II and bone sialoprotein
(BSP) as previously described12.Fig. 2. Cell differentiation studies. (AeC) Morphology of hMSCs cultured using (A) expansio
Kossa staining of pellets cultured under osteogenic conditions for 4 weeks. (GeI) Alcian BlStatistical analysis
Pair-wise comparisons of results were carried out using multi-
way Analysis of Variance (ANOVA) followed by Tukey's post hoc
analysis using STATISTICA software. P< 0.05 was considered as
signiﬁcant.Results
Characterization of undifferentiated and pre-differentiated hMSCs
Undifferentiated hMSCs maintained their ﬁbroblast-like
morphologies throughout the two-dimensional (2D) cultivation
period while osteo-induced hMSCs grew faster and appeared
thinner but less elongated and less aligned to each other. Despite
the high seeding densities and chondro-inductive medium, hMSCs
were unable to adopt a spherical morphology, instead becoming
broad and ﬂat [Fig. 2(AeC)]. Pre-differentiation of hMSCs by
1-week monolayer cultivation in chondrogenic or osteogenic
medium did not improve their subsequent three-dimensional
(3D) differentiation along the same lineage (osteo/osteo or
chondro/chondro) during pellet culture [Fig. 2(DeI)]. Under
osteogenic conditions, pellets from all three groups stained
positively for mineral deposition [Fig. 2(DeF)] and expressed
BSP (not shown). Under chondrogenic conditions, pellets from
all three groups expressed GAG and formed lacunar structures.n medium, (B) osteogenic supplements and (C) chondrogenic supplements. (DeF) Von
ue staining of pellets cultured under chondrogenic conditions for 4 weeks.
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to decrease their subsequent chondrogenic potential in pellet
culture relative to undifferentiated hMSCs. Pellets formed by
undifferentiated hMSCs were approximately twice the size of
those in other groups, and stained more intensely for GAG
[Fig. 2(GeI)] and collagen type II (not shown).
Cartilage region in biphasic constructs
The highest GAG contents (expressed as a fraction ofwetweight)
were achieved for UD-S-C constructs [Fig. 3(A)]. Biochemical and
mechanical properties of engineered cartilage were signiﬁcantly
affected by the combination of cocktail medium and perfusion, but
not by either stimulus alone. For example, GAG content was statis-
tically similar when comparing UD-S-C (P¼ 0.61%), UD-BR-C
(P¼ 0.59%) and UD-S-Ck (P¼ 0.53%) constructs but there was
a decrease in GAG contents for UD-BR-Ck group (P¼ 0.02%) where
both bioreactor cultivation and cocktail medium were used. Pre-Fig. 3. Quantitative properties of cartilage region. (A) GAG content of gels normalized by wet
gels measured by m-CT. (n¼ 3; *P< 0.05; **P< 0.001) (E) Table of GAG expression and e
experimental groups using the same culture medium).differentiated hMSCs did not express signiﬁcant quantities of GAG
(<0.1%). The equilibriumYoung'smodulus values reﬂected the trend
of the GAG content [Fig. 3(B)]. Similar values were obtained for UD-
S-C (18 kPa), UD-BR-C (22 kPa) and UD-S-Ck (15 kPa) while the
modulus of UD-BR-Ck, PD-BR-C and PD-BR-Ck were all less than
10 kPa. The normalized DNA values were consistent with these
ﬁndings as the DNA contents of UD-S-C, UD-BR-C andUD-S-Ckwere
approximately three times higher than the other three groups [Fig. 3
(C)]. It should be pointed out that the trend for GAG content
remained the same when normalized to DNA content, but the
differences observed between groups for equilibrium modulus
disappears.m-CTdata indicatedmineral deposition in the gel regions
of UD-S-Ck and UD-BR-Ck groups only [Fig. 3(D (inset))].
H&E staining indicated differences in cell distributions
throughout the gel regions between the experimental groups.
Under static conditions (UD-S-C and UD-S-Ck), the central regions
closer to the bony substrates were less densely populated than the
edges, an effect that can be attributed to the diffusional limitationsweight. (B) Equilibrium modulus. (C) DNA content normalized by wet weight. (D) BV of
quilibrium modulus values normalized to DNA (n¼ 3; *P< 0.05 as compared to the
Fig. 4. Representative images of immunohistochemical properties of cartilage region. First row: H&E staining. Second row: Alcian Blue staining for GAG content. Third row: collagen
II expression. Fourth row: collagen expression. Fifth row: BSP expression.
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pronounced for the UD-BR groups (UD-BRC and UD-BRCk) where
medium was perfused directly into the lower face of the gel
construct. Decreased matrix depositionwas again evident in PD-BR
constructs (PD-BR-C and PD-BR-Ck).
Qualitative analysis of GAG expression (Fig. 4, second row)
correlated with the quantitative data presented in Fig. 3 for
different experimental groups. The patterns of collagen II expres-
sion (Fig. 4, third row) exactly matched those of GAG expression,
conﬁrming chondrogenic differentiation. GAG and collagen type II
were expressed strongly in UD-SC, UD-S-Ck and UD-BR-C groups.
The UD-BR-Ck group expressed less GAG and collagen type II, but
exhibited considerable mineral formation (not shown), which
corresponded to the m-CT data [Fig. 3(D inset)]. Collagen x stains
were evident in the gel regions of constructs cultured with undif-
ferentiated hMSCs, and were particularly intense when cocktail
medium was used (UD-S-Ck and UD-BR-Ck) (Fig. 4, fourth row).
Further histological assessment demonstrated that cells in the UD-
BR-Ck group expressed BSP (amarker of bone differentiation) at the
boundaries of the gel region. Slight BSP expression was also
observed in the PD-BR-Ck group, but all other groups were BSP
negative (Fig. 4, ﬁfth row).Bone region in biphasic constructs
Quantitative evaluation of DNA content within the bone region
of the constructs demonstrated little variation between the
experimental groups (data not shown). The large variability in
initial mineral content (obtained from m-CT) made it difﬁcult to
rigorously evaluate relative changes in mineralization based on
cultivation conditions. However, histological analysis showed
interesting effects of cultivation conditions on the properties of
bone regions. H&E staining demonstrated that constructs cultured
under static conditions resulted in cell growth and matrix deposi-
tion up to approximately 1 mm from the periphery of the bonescaffolds leaving the central regions largely unpopulated. In
contrast, medium perfusion resulted in more uniform cell distri-
bution and matrix accumulation throughout the pore spaces of the
bone scaffolds (Fig. 5, ﬁrst row). GAG deposition was evident for
undifferentiated cells cultivated in chondrogenic medium
(Un-S-C and Un-BR-C), and rather low in the groups cultivated in
cocktail medium. Again, the combined effects of perfusion and
cocktail medium were evident: Un-S-Ck groups also showed
patches of light GAG staining while the Un-BR-Ck groups showed
no GAG staining (Fig. 5, second row).
Osteogenic pre-differentiation alone was not sufﬁcient to
eliminate chondrogenic differentiation in the bone region: PD-BR-C
showed light GAG staining, but this was eliminated in the presence
of osteogenic supplements (PD-BR-Ck group). Undifferentiated
groups cultured in chondrogenic medium (Un-S-C and Un-BR-C)
did not exhibit collagen I or BSP staining. Interestingly, the pre-
induced osteoblasts cultured in chondrogenic medium (PD-BR-C)
expressed BSP and collagen I throughout the scaffold. Cocktail
supplements without ﬂow were sufﬁcient to elicit minimal BSP
expression (Un-S-Ck), but the expression of BSP and collagen I
increased with perfusion (Un-BR-Ck and PD-BR-Ck) (Fig. 5, third
and fourth rows).Integration of cartilage and bone regions
The integration in the region where agarose gel penetrated into
the porous bone scaffold was assessed by examining the properties
of cell and tissue matrix. Constructs cultured under static condi-
tions demonstrated the presence of cells only at the outer edges of
the integration zone [Fig. 6(A)] but no cells were observed in the
inner regions [Fig. 6(A, B)]. To evaluate the effect of perfusion
on integration, the integration zone for the Alcian Blue-stained
Un-BR-C construct is shown in Fig. 6(C). Cells were present
throughout the integration zone in these constructs. Interestingly,
while cells throughout the entire region are expressing GAG,
Fig. 5. Representative images of immunohistochemical properties of bone region. First row: H&E staining. Second row: Alcian Blue staining for GAG content. Third row: collagen I
expression in gels. Fourth row: BSP expression.
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morphological differences. Cells embedded completely within the
agarose gel are spherical and reside within lacunae, while cells
within close proximity to the bone scaffold exhibit more ﬁbrous
morphologies [Fig. 6(D)]. It was noted that the ﬁbrous regions did
not form as a uniformly horizontal layer throughout the integration
zone hence there was no evidence of a discrete layer separating
bone from cartilage.Discussion
Early tissue engineering studies investigated the feasibility of
forming osteochondral constructs from two separate regions con-
taining differentiated chondrocytes and osteoblasts, and using the
resulting composites for the repair of focal defects22,23. However,
differentiated cells do not provide a practical clinical option as they
are limited in supply, their harvest is associated with morbidity and
the danger of secondary joint disease, and it is difﬁcult to procure
healthy cells for therapeutic use. One attractive cell source for
cartilage and bone tissue engineering is hMSCs because of theirinnate capability to make osteochondral tissues. Numerous reports
have demonstrated the feasibility of growing either bone-like or
cartilage-like tissues from hMSCs, although the functional
outcomes for cartilage have never been comparable to those ach-
ieved using immature chondrocytes. Still, growing ‘complex’
tissues is dependent upon the ability to provide the hMSCs with the
appropriate chondrogenic or osteogenic cues in a site-speciﬁc
manner. Therefore, the primary objective of our study was to
evaluate various experimental conditions which could enable the
simultaneous development of integrated, yet distinct, bone and
cartilage tissues from a homogenous hMSC population.hMSC pre-differentiation reduces subsequent chondrogenesis
We tested the hypothesis that pre-differentiating the cells
would turn on lineage-speciﬁc genes, expedite the formation of
cartilage and bone regions within the osteochondral plugs and
predispose cells to respond to either osteogenic or chondrogenic
stimuli in cocktail medium, but not both. The results of pellet
culture experiments, which were used to determine the
Fig. 6. Integration of bone and cartilage regions. (A) Integration region of static constructs (UD-S-C) is mostly acellular. (B) High magniﬁcation image of region indicated by box in
(A) showing different morphologies in gel and scaffold regions and minimal GAG expression. (C) Integration between cartilage and bone is enhanced under bioreactor conditions.
(D) High magniﬁcation image of region indicated by box in (C) shows high matrix production in central regions of integration zone. Distinct spherical morphology in gel is indicated
by * whereas the elongated, ﬁbrous morphology is evident in regions close to bone by arrows ([).
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that pre-differentiated hMSCs could still respond to opposing
stimuli even though the effect was attenuated relative to undif-
ferentiated hMSCs (Fig. 2). It was also found somewhat counter-
intuitively that the chondrogenic pre-differentiation reduced the
hMSCs' potential to form cartilage matrix in 3D culture. A similar
approach was taken e and shown to be successful e using rat
MSCs3. This difference may reﬂect an inherent distinction in the
capacity of rat vs human cells under similar cultivation conditions.
In retrospect, this is not surprising, because the chondrogenic
potential of hMSCs is heavily dependent upon their ability to
maintain a spherical morphology24. By providing chondrogenic
stimuli during monolayer culture, the cells were essentially
presented with conﬂicting stimuli, which negatively affected
subsequent development.Chondrogenesis is reduced by the combination of ﬂow and cocktail
medium
Undifferentiated hMSCs cultured statically in agarose gels
(UD-S-C) produced 0.6% GAG and had Young's moduli of approxi-
mately 20 kPa. These values are considerably lower than those
observed for constructs grown with immature bovine chon-
drocytes25, but are in the range of values reported for bovine
MSCs11. These results underscore the inherent difﬁculty in eluci-
dating and providing the appropriate cues for directing stem cells
into mature chondrocytes in vitro. Yet, the scaffold-bioreactor
system provided critical insights into the ability of hMSCs to inte-
grate multiple stimuli in cell-fate decisions. Notably, relative to the
UD-S-C group, changing to perfusion only (Un-BR-C) or cocktail
medium only (UD-S-Ck) had no signiﬁcant effect on tissue
composition content and mechanical stiffness, while both param-
eters were negatively affected by the combination of cocktail
medium and perfusion (UD-BR-Ck) (Fig. 3). Collagen x stains (Fig. 4)
suggested hypertrophy of hMSC-derived chondrocytes in all groupswhere undifferentiated hMSCs were used to form the cartilage
layer, with the strongest expression in the cultures where cocktail
medium was used. This is consistent with the notion that hyper-
trophy is generally associated with MSC chondrogenesis.Pre-differentiation, ﬂow and cocktail medium provide the best
osteogenic conditions
Our study tested whether the biochemical environment of
trabecular bone matrix combined with ﬂow-induced shear stress
through the constructs may have been sufﬁciently osteo-inductive
for new bone formation. It was evident that the soluble factors in
the medium had the most potent effects on cell differentiation:
extensive GAG and collagen II staining were evident throughout
the bone regions of UD-S-C and UD-BR-C groups (Fig. 5) indicating
that the combination of ﬂow and the trabecular bone biochem-
istry was insufﬁcient for osteogenesis. Cells in the scaffold did,
however, appear to be predisposed to an osteogenic phenotype
since cultivation in cocktail medium (UD-S-Ck and UD-BR-Ck)
virtually eliminated GAG and collagen II staining while upregu-
lating BSP expression. Perfusion considerably improved cell
distribution throughout the bone regions of the constructs (Fig. 5).
There was also decreased collagen II and increased BSP expression
in the UD-BR-Ck relative to UD-S-Ck groups indicating ﬂow might
play a role in further stimulating osteogenesis of hMSCs at the
expense of chondrogenesis. However, further investigations are
required to elucidate whether it is due to biophysical stimulation
or improved cellecell communication associated with high cell
densities.Spatial regulation of hMSC differentiation and boneecartilage
integration
In this study we have explored the combination of in vitro
culture conditions that give rise to suitable chondrogenic or
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osteochondral constructs. Static culture of undifferentiated hMSCs
in chondrogenic medium elicited the best cartilage properties
while perfusion culture of pre-differentiated osteoblasts or undif-
ferentiated hMSCs with cocktail medium provided the best osteo-
genic response.
The collected data support the notion that an osteochondral
bioreactor should contain two discrete compartments26,27 which
would enable cells in either region to be exposed to optimal stimuli,
including different medium compositions. In comparison to the
previous in vitro studies2,6, we used an experimental design that
allowed the cartilage and bone phases to develop in tandem. The
interface formed in biphasic constructs remains different from that
in a native issue where the boneecartilage cross-talk occurs at
a clearly demarcated zone of mineralized cartilage. Future studies
may focus on clarifying the conditions required to recapitulate the
native interface and investigating the heterogenous cellecell
communication in this region. It is also interesting to note that the
gel region of this group (UD-BR-Ck) constructs strongly expressed
GAG [Fig. 3(A)] while simultaneously depositing considerable
amounts of mineral [Fig. 3(D)]. Future studies may determine
whether hMSCs are capable of expressing the osteogenic and
chondrogenic phenotypes simultaneously e similar to the imma-
ture cell phenotype which exists during intramembranous ossiﬁ-
cation28 e or whether these are two distinct populations which
co-exist in the gel regions. Such studies may provide insight into
mechanisms of stem cell differentiation and cellular interactions at
the osteochondral interface.
In conclusion, the study demonstrated the feasibility of engi-
neering biphasic tissue constructs using biphasic scaffolds and
perfusion bioreactors enabling spatial regulation of hMSC differen-
tiation. Pre-differentiation of hMSCs in monolayer culture was
beneﬁcial for bone tissue development, but not cartilage. It was
shown that undifferentiated hMSCs are capable of integrating
signals frombiological factors andperfusion stimuli intodecisions to
differentiate into chondrocytes or osteoblasts, and perfusion culture
considerably enhanced tissue development and improved integra-
tion of bone and cartilage tissues. Future studies will focus on the
development of an osteochondral bioreactor, and facilitation of the
biological communication to foster functional boneecartilage
interface.
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